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e Beam loss & halo
— Definition of beam halo
— List of halo mechanisms

* Basic mechanisms common for linacs and rings
- Dominant effects
-~ Comparison and applications

* Ring specific mechanisms

* Project specific mechanisms
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Definition of beam halo
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Beam losses associated with a small fraction of particles surrounding a
dense beam core - beam halo.

There were many attempts to come up with the definition of beam halo.

Some definitions attempt to distinguish between
“halo” and “tails’. Other - assume that the halo is
formed due to a specific mechanism and thus the
definition includes the knowledge about the
structure of the halo.

The usefulness of such “definitions” is not clear.

For beam loss - there is no difference between “tails” or “halo”.

There are many mechanisms which lead to halo - trying to make a
definition based only on one of them may cause difficulties in
understanding of a realistic complex behavior.
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Definition (continued) 'SNS
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Realizing that “a precise definition” of halo may lead to
confusions rather than being helpful we had the following
conclusions:

(ICFA Workshop on “Halo and Scraping”, Wisconsin 1999):
1. Definition of beam halo is not important.

2. What important are the mechanisms of halo formation - this
allows its understanding and possible prevention, as well as
provides guidelines for halo observation.

3. Itseems sufficient to consider “halo” as it appears to
experimentalists - direct link to its observations.
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Halo
SN
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* Halo - a collection of particles of any origin and behavior
which lies in the low ensit{lregion of the beam
distribution far away from the core.

- “Far” stands for “nc” where “n” maybe = 3, 4, etc:

- depends on the distribution and halo mechanism

- density is rather low at that specific “n”

- because density is so low it is difficult to measure halo

- that is why “halo” is so mysterious - just not easy to
observe.

- in most cases it represents a part of the distribution with
density below the 1% level.

- stretching the word “halo” to more than a few percent
level is not good éit is already beam redistribution). Also,
it is then straightforward to measure it.
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Partial list of halo mechanisms 0N
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High-current linear accelerators:

1. Bad design - anything from RFQ to various sources of machine
nonlinearities and misalignments with unavoidable filamentation
and halo growth.

2. Rms mismatch

3. Space-charge coupling resonances

4. Space-charge induced structure resonances (90° phase advance, etc.)
5. Single and multi-particle scattering

6. Gas scattering

7. Collective instabilities
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List of halo mechanisms (continued) 0N
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High-current circular accelerators:

8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
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Additional design contributions - injection, extraction, rf noise, etc.
Machine nonlinearities

Rms mismatch

Space-charge coupling resonances

Space-charge induced structure resonances

Imperfection lattice resonances

Gas scattering

Collective instabilities

E-cloud effects

Project-specific effects - like “banana-shape” driven halo in the SNS Ring
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Including short bunches: b B
18. Transverse-longitudinal coupling

19. Effects from synchrotron motion

Including high-energy accelerators:

20. IBS

21. Instabilities relevant for high-energy

Including colliding beams:

22. Beam-beam driven halo

23. etc., etc., etc.

and, YES - both longitudinal and transverse halo !
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Halo due to various mechanisms in the SNS Ring

SEALLATEDN WI9]20K S00RLE
A e

6.25
62 ' 0.1
coherent resonance
6.15 . ol
"
E 61
i g
£ 6.05 ’
g
6
595 =-0. - L "
: nonlinear resonances
595 6 605 6.1 615 62 625 -0.15-0.1-0.05 0O 0.05 0.1 0.15
horizontal tune
- — - —————————————
S e 625
58 \\\\ 1 ;\ 50
s i coherent resonance 0.02
B P 8
sl N o B E‘“ 0.01
E = : L <
- ses _ - — \\\ EEI] 0
- -\ o T = — \\\\ g
56 /j/ (\ h Em _UkUl
5.55 /// //// — —— E 0 02
= combine e spread 10 '
6.05 6.1 6.15 62 625 63 635 ca
Xowme e — e -0.15-0.1-0.05 0 0.05 0.1 0.15
00 4m 600 800 1000
turn number
20 7 :
17.5 6 I d I — h i 0.075 ) "'"-_ -
.. 0SS mode ] space-charge couplin 0.05 Do
15 tune binning ; mwp 9 pling
12.5 E 0.025 )
10 ;umsa 0 ﬁ
7.5 % s -0.025
s H -0.05 .
0000025 _ L —
25 0.075 T
h ] ~0.30.0F0.08.0250 0.029.08.075
1 3 3 4 5 6 10 0 30 40 “

605 61 615 62 625 63 635

Number of protons " 10414

Alexei Fedotov, HALO’03, Montauk 9 BROOKHRVEN



Design & Dynamics contributions

design part : éSNS
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Design is critical - one can prevent some halo formation at the de81g stage:
injection, painting, rf capture & noise, good vacuum, extractions, etc

Major sources of halo may still exist by design - Ex: extraction kickers of the
SNS - close orbit does not go through the center of magnets - generates
intensity dependent oscillation with a strong emittance increase.

Can we do better?

Next level in the design topics is to take into account space-charge effects -
Ex: space-charge induced structure resonances in linacs

1. Phase advance below 90° to avoid second-order structure stopband
2. etc.

Control of the “design halo” is possible to some extent, while the dynamics
contribution is typically unavoidable which requires halo observation and
removal.
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Observation of beam halo 'SNS
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Standard way to observe halo:

Stretch out your arm and
spread your fingers wide. Cover
the bright core with the thumb
and the halo will be near the
tip of the small finger.

Well, we have to do better
than this ...

wire scanners, scrapers, hole-drilled
screens, filters, etc.
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Dominant mechanisms

1D
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We summarize only dominant “dynamics” mechanisms, assuming
that design topics are under control.

Discussion is limited to general effects
which typically are project independent.

Some basic effects common to both linacs and rings are reviewed
and differences in their application to linear and circular
accelerators are shown.

Examples of some “specific” mechanisms are given.
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Space-charge resonances

intrinsic incoherent resonances ﬂéSNS
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* The oscillating space-charge force can lead to a class of resonances where

the individual particles inside the beam interact with an oscillating beam
modes.

* Such resonances are referred to as “intrinsic” or “incoherent” parametric
resonances (Wangler, Gluckstern, et al. - 50+ people 1990-1999, and many
papers before ‘90s, where “emittance growth” was used instead of “halo”):

" 2
v— depressed tune X TV, X= Egc
n — mismatch parameter
k - space-charge perveance " 2 K

a — beam radius X TV x:/uaz’xc SQS
Q- frequency of beam oscillations . '\
mechanism: parametric resonance

primary resonance (1:2) - Q=2v
“parametric halo “
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Intrinsic incoherent resonances

low tune depression - mismatch dependence ; SNS
.
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(a) (b)

Very large
: mismatch
¥ 4~ strong

redisrtibution

(n=0.93) mismatch parameter p=1.2, p=1.3, n=1.4, u=1.6
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Time evolution of parametric halo

with violent mismatch - filamentation : SNS

ﬁ‘
(a) (b)
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(u=1.6, n=0.9) at various time periods t=250, t=350, t=450, t=550
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Intrinsic incoherent resonances
halo structure

allows to study onset
of various order resonances and
halo structure

Looking into the halo
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Longitudinal parametric halo and coupling 'SNS

* Longitudinal halo can have the *7
same mechanism - was studied .
extensively in linacs ("96-"99).

* uw,=1.0
n,=0.53
1,=0.39

e For short bunches - halo due to
mismatch in one plane can lead to
extensive.halo’ in ’the other due to mismatch parameter
the coupling ("97-98). oL , , . :

0.6 0.8 1.0 1.2 1.4

* Stabilization of longitudinal
parametric halo with nonlinear RF
in linacs (Barnard, Lund “98)

* Nonlinear rf and longitudinal halo
in rings (Fedotov, Gluckstern ‘99).

coupling effect — developmen
of transverse halo as a result of 1000 0 1 2 3
itudinal mismatch

Alexei Fedotov, HALO'03, Montauk 17 BROOKHRVEN



Intrinsic incoherent resonances

rteofhaloformation /g

Rate of halo formation - function of tune depression & mismatch
parameter

For reasonable mismatches and typical for rings tune depression - it takes much
more time for particles to be trapped into the 1:2 resonance than in linacs with
strong tune depression.

More importantly, when applied to the accumulator rings - need to take into
account many other effects which may destroy the resonance condition: changing
beam density and intensity during accumulation, phase-mixing during multi-turn
injection, etc.

Taking all these effects into account, simulations for the SNS ring showed that

this intrinsic resonance may not be a problem (Fedotov et al., 2000)

However, in rings, collective beam modes

can have fast excitation due to the space charge '

px [mrad]

or machine resonances -

DD = O =
w'ia

“driven incoherent resonances” 01020 0 20 40 60

X [mm]
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Intrinsic halo - comparison 0
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* Linacs - tune depression is very high - rate of such space-charge driven
halo can be very fast - warrants consideration.

Also, one path scenario may allow existence of such resonance

* Rings - tune depression is very weak (unless we are talking “cooler
rings” or specific small scale rings for space-charge studies). In addition,
there are such effects as multi-turn injection which lead to phase-mixing
of oscillating particles, redistribution due to the painting, etc. - may exist,
but in many situations it will have a little chance to develop - negligible.

However, new kind of intrinsic halo does exist (especially in rings) -
“driven halo” when collective modes are driven not by a mismatch but
rather by the space-charge or imperfection resonances - but such halo we
consider anyway when we take into account the effect of resonances in
rings.
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Space-charge coupling resonances 0N
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Space-charge resonances - driven by the space-charge potential itself

Their importance was first shown by Montague (1968) for the coupling resonance:

2v,-2v, =0 - does not require perturbation harmonics

Due to the fact that this resonance is symmetric difference resonance, such a
coupling can lead to significant halo only for the beam with unequal emittances.

Analysis of this type of resonances was recently done using a more self-consistent
approach of collective beam dynamics (Hofmann, 1998):

mv,-lv =0 (single-particle) mv,-lv, +A®w=0 (collective correction)

Such asymmetric resonances with zero-th harmonic are mainly relevant for linacs
where the ratio of the transverse focusing constants can be very different.

Typically, in rings transverse tunes are not very different thus leaving the
;ymmetyic Montague resonances as the major resonance with the zero-th
armonic.

Other resonances - when the nonlinear space-charge modes get in resonance with
the lattice harmonics (with the space-charge modes being generated by a strong
nonlinear space-charge potential in the presence of time-dependent perturbation).
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Space-charge coupling resonances - comparison 0N
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* Linacs - any nonlinear resonances due to a possibility of
significantly different focusing constants - results in
”eq]ilipartitloning charts” which suggest to avoid operation near
such resonances - important for consideration since the rate of
these effects is governed by the space charge.

* Rings - typically not a big split in tunes - mainly symmetric
resonance with the zero-th harmonic - as a result - need to worry
only for unequal emittances. Also, space charge tune depression
is very low - need to consider in many cases.

Additional effects due to imperfection harmonics (Machida et al.
1991-): need to consider the nonlinear space-charge coupling
resonances with the lattice harmonics
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Space-charge structure resonances 'SNS
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When collective modes of beam oscillation resonate with the
lattice structure (Hofmann et al, 1983, Okamoto et al. 2001):

N/2=Q)_

where N is the structure harmonic and Q__ is the frequency of
oscillation of m-th order collective beam mode.

\

For m=2 (envelope modes) N/2=0), - this is known as the
“envelope instability” (Struckmeier, Reiser, 1984)

v

Large halo growth
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Space-charge structure resonances - comparison m
ﬁp

SEALLLIGDE STIRO0K S0QELL
Ll o,

* Linacs - important since tunes are not limited by imperfection
resonances and thus tune depression can be increased until one
hits structure stopbands

-90° phase advance
-60° (if 34 order modes are driven)

* Rings - same problem if emittance growth due to the imperfection
resonances can be minimized like in cooler rings with additional
external cooling force.

* Otherwise - intensity is already limited due to the halo driven by
the imperfection resonances.
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Single and multiple scattering 'SNS
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* Linacs - one can get a halo shell surrounding the beam which would
look similar to the one due to a mismatch halo - “what do you expect? -
it is halo after all”.

* However, calculated scattering rates (with space charge) showed that the

process is too slow to be important for linacs (Gluckstern, Fedotov, 1999,
Pichoff, 98-99)

Simple analytic expressions in terms of beam parameters were obtained

N(Hy — H)" = N[G(r) — mv*/2]" N < Hy,
0,

flr,v) = G(r) = Hy — krt/2 — e (r).

/p ff’?;/fih n >0,
1{_7 ~ (f’g/Eir)ll’l(Eir/f‘pa), n =20,
Ca
(f’g/fi)(fiﬁ/f’pﬂ)_”, 0<-—n<l
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Coulomb scattering -
rate in linacs : éSNS
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(1015
Probability of ions to p l O_ 14/km= n =0,
leave the bunch per ar 10_1 1 /km, n =20,
unit length cdt 10 /klna n= —0.J5,

L1078 /km, n = —009,

For typical beam parameters in a linac:

* Relatively singular distribution ——) 10-8-10-"/km
* Waterbag distribution —D 10%/km
* Gaussian-like distributions —>) 105/km

Linacs - diffusion is too slow to be important.
Caution: simulations can give “numerical” halo.

Rings: - for long storage times IBS is the dominant effect
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Halo due to collective instabilities:

SNS extraction kicker impedance, N=1.5 *104 “éSNS
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04!  growth of unstable harmonic ; halo growth
4

LN

e outside
=

amplitude of 12th harmonic
LF%]

: : : : ' II 000022 | 0.00024 O.MO% 0.0{i023
200 400 mmsm 500 1000 total emittance pimrad
Green — zero chromaticity — unstable - halo
Pink - chromaticity (-7) — “stable”

small growth rate but no halo
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Ring specific effects:

imperfection lattice resonances éSNS

In this example, resonances are
crossed due to the space-charge
tune depression.

Space charge plays an important
role:

- It creates a problem since the
tunes are depress
charge towards the reso

- It introduces an effective
nonlinearity which changes beam
response

- Collective beam response n=0
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6.4

6.3

2
=
=
=
el

6.2

6.1

0.1

=005}

=01

- 0.1 - 0.05 0 0.05 0.1
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Lattice resonances

selection of working points to avoid emittance growth i
hlgh-mtenmg rings ~ !VZSNS
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o Space-charge spread of
| 2 MW SNS beam
6.3 )
7
62
6.1 6.8
e .
6 6.1 62 6.3 6.4 6.5
w.p. below Y4 tunes 66
6.3 6.2

6.2 .4 6.6 6.8 7

6 6.1 6.2 6.3 6.4 6.5

w.p. above Y4 tunes
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Lattice resonances
beam halo due to nonlinear resonances SNS
LI Ty,

SNS examples

realistic simulations with the UAL code

w.p. above the nonlinear
w.p. below % tunes P y

resonances of 4th and 314 order

3 ' ' - - 7 .
251 growth due to the . : 6 growth due to
21 structure resonance 5 K imperfection resonances
® £ 41
1.5
. &3] f
1 [
2
) A/
1 [
1 1.5 2 2.5 3 . . . .
Number of protons * 1014 . 1 N 2 ber of 3 . *40,«14 5 6
requlres resonances umber ol protons
correction
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Lattice resonances

correction of nonlinear resonances & space charge “éSNS

Example: SNS w.p. (6.36, 6.22) - correction of 3Qx=19 and 2Qy-Qx=6

N=0.6*10*14
blue — no errors
red — errors, no correction

6

%o outside s

green — errors, correction **
of 3Qx=19 resonance

63

Q 62
6.1

N=2*10”~14

2Q,-Q,

3Q,

6.1

blue — no errors
grey — errors, no correction
green — errors, correction of 3Qx=19

6.2

Q

X

pink — errors, simultaneous correction of

3Qx=19 and 2Qy-Qx=6 resonances

6.3

6.4

4

— b ]

!lF‘JuIllI [Il' lIII![IH Y0BELL

"

230 240 250 260 270 280 290 300

Total emittance pi mm mrad

230 240 250 260 270 280 290 300
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Some examples of “project-specific” halo 0N
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EXAMPLES OF
SNS RING SPECIFIC
HALO MECHANISMS
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Space-charge induced halo in painting 'SNS
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Significant “hole” (closed orbit offset) in painted distribution is necessary to
satisfy Target requirement (more uniform density) -
as a result, square-shape beam profile is not preserved with the space charge (SC).

1-D density plot in Y without SC. Beam profile with and without SC

175
150
125
100
75
50

Correlated painting: 6.3,5.8
Sqrt bump, big hole

[—J
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%% of partciles outside

Time evolution and diffusion of distributions

SN
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Spreading of beam distribution based on Spreading of distribution based on
painting without a hole (no c.o. offset). painting with significant hole (c.o. offset).
Multi-turn injection stops at 1052 turns. Multi-turn painting stops at 1052 turns.
Spreading is shown at various time steps from 1252 turns (Blue) to 2052 turns (Green)
35 | F=972 MeV, P=2 MW, R=248 m _ 35| E=972 MeV, P=2 MW, R=248m
. . Time evolution of full beam
3 Tlml;;;l::::z i:;eilzilclmbeam 3 1052 turns injection
-}
at 1252, 1452, 1652, 1852, 2052 turns 3 ye at 1%52’ l‘ﬁf’ (11652_’ 1852 ?;252"“5
25 | Correlated painting: 63,58 gt orrelated painting: 9.5,
/]
ol Sqrt bu % 5 Sqrt bump: with
2 . —
ORBIT: only SC NoI=Tiearity 5 ORBIT: only SC non- linearity
w LS ¢ No errors
15+ No eITors o
®
1f Ly
os | 05 |
' ‘ = 220 M0 20 280 300
20 240, . 260 250 300 Total emittance pi mm mrad
Total emittance pi mm mrad
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Different injection bump functions 0N
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Beam spreading and associated halo strongly depends (

L

on bump function. Examples are given for sqrt and
exponential functions with and without SC.

Sqrt() Exp()

60 | Correlated painting: 6358 ol ® Correlated painting: 6.3,5.8
Sqrt bump, small hole Exp. bump, _t=0.3
40 + : a0} P
E 20t g 20
=0 = o - s
]
-2+ 3 -20
-40 ¢ -30t
. a n .
. 40 . 20 0 20 40 60 ~10 -20 0 20 10 50
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Extraction Kicker offset ::SNS

!lF‘JuIllI [Il' lIII![IH Y0BELL

e Extraction Kickers are offset from the center to save on mechamcal
dimensions when the full-size accumulated beam is extracted.

* Due to longitudinal current distribution along the bunch center
of the beam will experience a kick different from the head and tail

which results in a “banana-shape” distortion.
0.038

* Emittance growth associated
with this effect was explored.

0.0375 |
0.037 |

* Largest offset is in second 0.0365 | ]
7-kicker module 0036 | g h _
(from 2.9 cm to 4.3 cm). 0.0355 | & 1

0.035

0.0345 |

bunch length [m]
~100 - 50 0 50 100
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Effect of kicker offset on halo
(after 1060 turn accumulation, N=2*10"4) “éSNS

e of partdcles outside

].m SEALLATIOS SU0IRON SORELL
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Blue- no SC, impedance, no offset
Brown —no SC, no impedance, no offset

W j Orange — no SC, impedance with offset
Pink — SC, impedance, no offset
@ : Green — SC, impedance with offset
L 10 ———
i gl
0} P
s 6
E
0L E- 4! Halo due to
_ ! offset Halo due to
51 instability
m

0.000225 0.00023 0000235 0.00024 0000245 0.00025 0.000255 0.00026
Total emittance m rad
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b/a dependence (“effect of images”) - halo due to
collective instabilities (b/a- pipe/beam radii) : éSNS
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1. b/a variation along the bunch introduces effective tune variation (due
to longitudinal current density) and thus plays stabilizing role.

. Makin% ratio b/a larger decreases stabilization and makes beam more
unstable with larger halo [

N=2*10*14, 3D 8C
blue- noimp. , stable beam

2. If b/a is too small one gets into the region
where image effects lplay the dominant role.
Even though unstable harmonics due to .
impedance are stabilized, there is now T
a mﬁnificant halo growth associated E
with this effect. :

8

green - chr.=0,b=1lem
light blue- chr.=0,b=20em -
yellow - chr.=0 ,b=6cm
- ¢hr.=0, zero imp. b=6¢

It is not related to Extraction Kicker
impedance instability, as shown in 2
the Figure, where emittance growth
with and without impedance for small b/a ... . .
is the same (shown with yellow and 0.0002 0.00022 0.00024 0.00026 0.00028

red colors, respectively). fotal emittance pimrad
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Comments on numerical halo 'SNS
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* Although analytic models and basic physical pictures are
required to understand halo formation, the final conclusions are
typically drawn from realistic simulation.

If simulation involves interaction between particles:

1. Find saturation of diffusion in your numerical system first -
numerical halo is nice - “not thrilling, but nice”.

2. Even when saturation of numerical parameters is found on some
fixed time scale - there is still diffusion on a longer scale:

If there is some diffusion in your simulation which looks “fishy”
- it is probably an art effect of your simulation.
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General comments
/A |
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* Itis important to keep in mind that there are many mechanisms of halo
formation.

* Obviously, when several mechanisms
are present simultaneously, one gets
a complex behavior - typically requires
realistic simulation.

* Physics of some mechanisms can be the same in linacs and rings - but
application of these mechanisms may be very different.

* There can be always some “machine-specific” dominant mechanisms so
that general mechanisms should not be taken for granted - trust but
double check.
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Future of beam halo
- s
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Future of beam halo - looks good.

Despite our understanding of some mechanisms of halo
formation, design choices to avoid halo and halo removal - halo
and emittance growth due to something else will be always there.

There will be plenty of work for graduate students and enough
subjects to discuss at the Workshops:

Have a Good Time at the Workshop!
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